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1.  INTRODUCTION
Globally, marine ecosystems are challenged by
multiple human-caused stressors. In response, the
United Nations has set targets to protect 10% of the
oceans by 2020 and more thereafter (MacKinnon et
al. 2015). Establishing marine protected areas (MPAs)
is fundamental to meeting these targets, but how the
areas are chosen and how boundaries are set and
managed is critical for effective conservation. One
ex ample is Canada’s recently established Hecate
Strait and Queen Charlotte Sound Glass Sponge
Reefs MPA (Fisheries and Oceans Canada 2017). This
MPA was established to protect the globally unique
ecosystems formed by glass sponges, but as suspen-
sion feeders, sponges are sensitive to any activity that
changes the water properties around them, including
those that occur outside the MPA boundaries.
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ABSTRACT: The largest known glass sponge reefs in Canada are within the Hecate Strait and
Queen Charlotte Sound Glass Sponge Reefs Marine Protected Area (HSQCS-MPA) in British
Columbia. However, human activities outside the core MPA boundaries, such as trawling, can cre-
ate plumes of suspended sediments capable of travelling large distances. We studied the response
of 3 glass sponge species to changes in suspended sediment concentrations (SSCs) at 170 m depth
inside the HSQCS-MPA. Two species reduced excurrent flow rate in response to natural and
experimentally induced increases in suspended sediment. Background suspended sediment
 levels were low and showed little variation (2.71 ± 0.09 mg l−1, mean ± SD). Species varied in the
threshold of SSCs that triggered arrests. Sediment concentrations of 2.8− 6.4 mg l−1 caused arrests
in Rhabdocalyptus dawsoni, while Heterochone calyx did not arrest until concentrations reached
5−10 mg l−1. Very small, but prolonged increases of suspended sediments (<1 mg l−1 for R. dawsoni
and 3.2 mg l−1 for H. calyx) caused arrests of several hours in R. dawsoni and prolonged periods of
reduced flow in H. calyx. No arrests were observed in Farrea occa, even after repeated exposures
up to 57 mg l−1. A sediment transport model showed that sediment concentrations can remain high
enough to affect sponge behaviour as far as 2.39 km from the source of the plume. The results
highlight the importance of understanding the biology of different species for establishment of
adequate boundaries in MPAs.
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Glass sponge reefs occur in depths of 30−200 m on
the continental shelf of British Columbia, Canada,
and Alaska, USA (Conway et al. 1991, 2001, Krautter
et al. 2001). The reefs are built by 3 glass sponge spe-
cies that provide extensive habitat for many commer-
cially important fish and invertebrates, such as Pacific
halibut, rockfish and spot prawn (Conway et al. 2001,
Cook et al. 2008, Chu & Leys 2010). This has brought
fishing pressure, including bottom-contact trawl fish-
ing, to the sponge reefs, resulting in visible physical
damage prior to MPA establishment (Conway et al.
1991, 2001, Jamieson & Chew 2002, Austin et al.
2007). Bottom-contact fishing also resuspends large
amounts of sediment, but the impact of these sedi-
ment plumes on the glass sponges is still unknown.
In February of 2017, Fisheries and Oceans Canada
established a 2410 km2 MPA around 4 glass sponge
reef complexes in Hecate Strait and Queen Charlotte
Sound (Fisheries and Oceans Canada 2017). The MPA
consists of a core protection zone (CPZ), which ex -
cludes all human activities, and an adaptive manage-
ment zone (AMZ) or buffer zone bordering the reef
complexes, which is currently closed to fishing activity
but may be opened in the future. However, it is unclear
if these measures protect the reefs from indirect
impacts of trawling (e.g. resuspended sediments)
when such activities occur adjacent to the AMZ.
Sponges are highly efficient water filterers capable
of processing up to 900 times their body volume in
1 h (reviewed by Yahel et al. 2003, their Table 3).
Generally, they filter constantly and take in both
organic and inorganic particles alike. While they can
excrete inedible detritus (Wolfrath & Barthel 1989,
Yahel et al. 2007, Kahn et al. 2018), too much of it
can be detrimental (reviewed by Bell et al. 2015).
Sponges are sensitive to minute changes in water
quality and respond to changes in seasonal charac-
teristics of the water column (Reiswig 1971), food
availability (Reis wig 1975, Kahn et al. 2012), ocean
acidification (Bates & Bell 2018) and suspended sedi-
ments (Gerro dette & Flechsig 1979, Carballo 2006,
Tompkins-MacDonald & Leys 2008). Sediments may
smother and clog a sponge (Airoldi 2003, Tompkins-
MacDonald & Leys 2008, Strehlow et al. 2017), and
smaller grain sizes can fit through the incurrent pores
on the sponge surface (<20 µm) (Kilian 1952, Reiswig
1974) potentially damaging their aquiferous system.
To deal with sediments, most demosponges contract
to prevent entry of sediment or to expel already in -
gested sediments (Prosser et al. 1962, Elliott 2004,
Elliott & Leys 2007); others secrete mucus to slough
sediments off their surface (Kowalke 2000). Of all
sponges, however, glass sponges (Class Hexactinel -
lida) are the only group that instantly arrest pumping
activity, using an action potential, in response to sed-
iments (Leys et al. 1999, Tompkins-MacDonald &
Leys 2008, Grant et al. 2018).
Arrests of pumping are triggered by action poten-
tials travelling throughout the glass sponge’s syncy-
tial tissues (Mackie et al. 1983, Leys et al. 1999).
These action potentials, and the ensuing arrests of
pumping behaviour, have been recorded in Rhabdo-
calyptus dawsoni in laboratory experiments (Leys &
Mackie 1997, Leys et al. 1999). Tompkins-MacDon-
ald & Leys (2008) later found similar arrests of excur-
rent flow in Aphrocallistes vastus in response to sus-
pended sediments added to the water. More recently,
the arrest response of A. vastus was studied in the
naturally turbid waters of the Strait of Georgia,
British Columbia. That study found that A. vastus
stopped pumping in response to suspended sediment
concentrations that were far lower than those gener-
ated by trawling (Grant et al. 2018).
Reefs in the northern complex of the Hecate Strait
MPA are made by different glass sponge species and
are in a less turbid environment than reefs in the
Strait of Georgia (reviewed by Leys 2013). To deter-
mine how other reef-building glass sponge species
are affected by suspended sediments, and how effec-
tive the MPA might be in terms of protecting the
sponges from resuspended sediments, we conducted
experiments in situ at the northern sponge reef com-
plex in the Hecate Strait and Queen Charlotte Sound
Glass Sponge Reefs MPA (HSQCS-MPA). Our spe-
cific aim was to determine whether the sponge spe-
cies at the reef are adapted, through variations in
arrest responses and their thresholds to sediment dis-
turbance, to specific environments and environmen-
tal conditions. We hypothesized that either glass
sponges in Hecate Strait would be sensitive to
smaller increases in suspended sediment concentra-
tions than those in the Strait of Georgia, or alterna-
tively, that Hecate Strait sponges would not be used
to higher suspended sediment concentrations and
thus would not respond by arresting pumping
 activity.
We also studied the size fractions of sediment
found at the northern reef complex in Hecate Strait
as well as current velocities above the sponges at the
reef. These parameters were used to model the reach
of sediment plumes under different transport scenar-
ios. Our analyses underscore the importance of
understanding the biology of animals to be protected
by an MPA. They also highlight the importance of
adequate protective buffer zones around the conser-
vation targets within MPAs.
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2.  MATERIALS AND METHODS
2.1.  Study site and study species
Experiments were carried out on a sponge reef
at approximately 170 m depth in the HSQCS-MPA
during 2 cruises of the Canadian Coast Guard
Ship (CCGS) ‘JP Tully’ in October 2015 and May
2017 (2015: 53° 11’ 37.2” N, 130° 28’ 27.7” W; 2017:
53° 11’ 38.0” N, 130° 28’ 29.4” W; Fig. 1). Dives were
con ducted using a remotely operated vehicle
(ROV) (Remotely Operated Platform for Ocean Sci-
ences, ROPOS; http://ropos.com) in the northern
reef complex. Sediment experiments were carried
out at the eastern corner of this complex, at a site
dominated by large, patchily distributed bushes of
Farrea occa. Goblet-shaped Heterochone calyx
sponges were found growing between and out of
F. occa bushes, while small chalice-shaped Aphro-
callistes vastus and tube-shaped Rhabdocalyptus
dawsoni were found adjacent to and between F.
occa bushes.
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Fig. 1. Location of the glass sponge reefs and marine protected area (MPA) in northern British Columbia, Canada. (A) Sponges
at the north-eastern portion of the northern reef complex. (B) Hecate Strait and Queen Charlotte Sound Glass Sponge Reefs
MPA. (C) Precise location of the northern sponge reef complex as delineated by multibeam bathymetry. Borders around the
reef complex define the core protection zone (CPZ) and adaptive management zone (AMZ) boundaries. (D) Locations of indi-
vidual sponges that were studied and instrumentation placement (OBS: optical backscatter sensor). Species are Heterochone 
calyx, Farrea occa and Rhabdocalyptus dawsoni
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We targeted F. occa and H. calyx because they
formed the major component of the north-eastern
Hecate Strait reefs, and no previous field experi-
ments or recordings have been conducted on these 2
species. Due to the short time available on the cruise,
the time involved in deploying instrumentation by
ROVs, and the need to obtain replicate recordings,
we did not carry out experiments on A. vastus. A.
vastus has been the focus of our previous work and is
accessible in waters much closer to the ship’s home
port. We also chose to place instruments around one
specimen of R. dawsoni, because although it is not a
reef-forming species, we have a good understanding
of its pumping arrest behaviour from previous labo-
ratory and field work (Leys et al. 1999, Yahel et al.
2007, Tompkins-MacDonald & Leys 2008).
F. occa and H. calyx were described in the late 1800s
(Bowerbank 1862, Schulze 1886), but beyond these
initial descriptions, little is known about their ecology,
physiology and cell biology. F. occa forms leaf-like
flutes, and up to 400−600 of these are fused to one an-
other to make up the bush. Each flute is in essence a
separate filtration unit, and its body wall is less than
1 mm thick. In contrast, H. calyx has a robust body
wall, often over 1 cm thick, which forms large funnels
that vary in breadth but can readily reach 1 m in diam-
eter. Funnels are pock-marked by finger-like projec-
tions that are extensions of the incurrent surface area.
R. dawsoni is a barrel-shaped sponge that often bends
at the lower end where it is attached to the substrate,
giving it a characteristic ‘boot’ shape. This sponge is
hairy with long spicules protruding from the outer sur-
face of the barrel, and some specimens can be coated
with debris, giving the sponge a dirty appearance.
2.2.  Instrumentation
We used both an acoustic Doppler velocimeter
(‘Vector’ ADV, Nortek) and an acoustic Doppler cur-
rent profiler (‘Aquadopp’ ADCP, Nortek) mounted on
a flat frame to measure changes in ambient current
velocity either at a single point (Vector) or for a 5 m
profile above the bottom (Aquadopp) (Fig. 2A,C). The
Aquadopp and the Vector were each paired with opti-
cal backscatter sensors (OBS, Campbell Scientific)
to record suspended sediment concentrations (SSCs)
(Fig. 2C). The Aquadopp was compass-calibrated prior
to the expedition. The OBS instruments were cali-
brated following the calibration process outlined by
Grant et al. (2018). The calibration process resulted in
an equation to convert ‘counts’ to mg l−1 for each in-
strument: SSC = 0.0113 × OBS counts + 1.3021 (Aqua -
dopp-paired OBS, R2 = 0.92) and SSC = 0.0103 × OBS
counts + 1.9302 (Vector-paired OBS, R2 = 0.99).
Custom-built thermistor-flowmeters (hereafter re -
ferred to as ‘thermistors’) with paired probes simulta-
neously recorded constant point flow rates out of the
osculum (excurrent flow) of sponges and adjacent to
the sponges (ambient flow) (Fig. 2A,C,E). Al though
the thermistors are non-directional, their position in-
side the osculum recorded the main direction of flow
out of the osculum. Thermistors were calibrated in
situ using the Vector for at least 8 h in an area of un -
disturbed ambient current. Thermistors were then
placed beside a sponge with a probe positioned by the
manipulator arm of the ROV into the sponge osculum,
the chimney-shaped opening from which all filtered
water exits; care was taken to prevent the probe from
contacting the body wall of the sponge (Fig. 2B,D,F).
The probe was re-positioned if any camera view
showed that the probe was not inserted into the oscu-
lum deep enough or was touching the body wall. Either
an Aquadopp ADCP or Vector ADV was positioned
with the OBS as close to the sponge as possible to cap-
ture turbidity around the sponge during experiments.
Volumetric flow was calculated for each sponge by
multiplying the area of the osculum by the excurrent
flow rate recorded for that species. The diameter of the
osculum was measured in ImageJ from ROV images
looking down over the osculum. Oscula in these glass
sponges are not contractile, and because flow rates are
low and the oscula are wide, drag created by the edge
of the osculum was considered to be minimal, and
therefore a profile correction factor was not used.
2.3.  In situ experiments
We positioned instruments over a total of 10 sponges
to obtain recordings for the previously unstudied spe-
cies of F. occa (n = 6) and H. calyx (n = 3). The single
recording from R. dawsoni (n = 1) was used to verify
the method of our in situ experiments because the
sponge is known to arrest pumping in response to sus-
pended sediments in lab experiments (Leys et al. 1999,
Tompkins-MacDonald & Leys 2008), and its arrests in
the field provided support of the method. Additionally,
to assess the contribution of ambient flow to excurrent
flow from the osculum, we recorded flow from one os-
culum of a dead F. occa specimen. Previous work in
situ and in tanks has illustrated that excurrent flow
rate from each sponge varies greatly depending on the
size of the sponge and of the sponge’s osculum (e.g.
Mackie et al. 1983, Tompkins-MacDonald & Leys 2008,
Leys et al. 2011), but follows a species-specific pattern
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which depends upon density of choanocyte chambers
and design of the aquiferous system. Consequently, as
is typical in studies of physiological data, a recording
from a single sponge was treated as an experiment,
with different individuals confirming the general
physiological pattern for that species. We studied as
many different individuals as time allowed within the
different needs of the science team on the cruise.
Once a sponge was paired with a set of thermistors,
ROPOS left the area to allow recordings of undis-
turbed pumping activity; these recordings ranged
from 6 to 24 h (20 ± 6.5; mean ± SD) depending on
instrument availability and battery charge.
After recording undisturbed pumping activity, we
returned to each sponge to carry out sediment resus-
pension experiments (Fig. 3). Sediments were sus-
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Fig. 2. (A,C,E) Overview of all sponge species and instrumentation used in situ. (B,D,F) Excurrent probes of the thermistor-
flowmeters and oxygen sensors (red) were positioned into the centre of the osculum without touching the body wall. Ambi-
ent current sensors (yellow) were placed above the sponge oscula to record surrounding ambient current. OBS: optical 
backscatter sensor
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pended near sponges using the ROV manipulator
arm and a modified ice scoop. We positioned the
ROV upstream from the sponge to ensure that resus-
pended sediment would move towards the sponge.
Because the action of the ROV manipulator arm to lift
the sediment up and towards the sponge could also
push water towards the instruments and affect the
recordings, we first used control ‘scoops’ in which the
ROV operators caused the manipulator arm to swing
an empty scoop in the direction of the sponge
(Fig. 3B). Between 2 and 6 control scoops were con-
ducted depending on the time available during a
dive. Following the control scoops, sediment was
scooped up from the seafloor and shaken into the
water column in the direction of the target sponge
(Fig. 3C). The number of scoops suspended for each
experimental disturbance varied from a single scoop
to 15 min of continuous scooping in order to record
sponge responses across a range of SSCs (Fig. 3D). A
total of 13 experimental sediment disturbances were
conducted (Table S1 in the Supplement at www. int-
res. com/ articles/ suppl/ m615 p079 _ supp. pdf). All in -
strument placements, experimental disturbances and
ROPOS activity near the sponges were recorded in
the integrated real-time logging system of ROPOS to
allow for quality control checking of the data during
the analysis process.
2.4.  Arrest response analysis
Arrests of pumping were identified in sponge
excurrent recordings using the criteria outlined by
Grant et al. (2018) with a modification based on de -
scriptions of arrests in R. dawsoni by Tompkins-Mac-
Donald & Leys (2008). We used excurrent flow rate as
a proxy for pumping activity and filtration. Briefly, an
arrest was defined as a decrease from the average
excurrent flow (the arrest phase) followed by the
gradual return to average excurrent flow (the recov-
ery phase); the minimum recovery phase length was
20 s. As R. dawsoni has shorter arrests than A. vastus,
these criteria ensured arrests could be identified
from all species.
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Fig. 3. Experimental sediment disturbances were used to expose each species to elevated concentrations of suspended sedi-
ment. (A) Instruments were positioned adjacent to a sponge such that the optical backscatter sensor (OBS) would be down-
stream from the sponge. (B) Example of the manipulator arm carrying out ‘control scoops’ of water with no sediment towards
Farrea occa. (C) Example of a sediment disturbance generated by ‘scooping’ sediment towards the sponge and instruments. 
(D) Sediment plume engulfing the target specimen and instruments
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In general, arrests were categorized as follows: sin-
gle arrests, coughing arrests, prolonged arrests or
clogging events. Single arrests and coughing arrests
differ in both their overall duration and the slope of
the recovery phase (Grant et al. 2018). Single arrests
of pumping are short (2−5.5 min), off-and-on events,
with little variation in recovery phase slope. Cough-
ing arrests are slightly longer (11−54 min) and have a
staggered recovery phase involving several attempts
to increase pumping rate (interpreted in previous
laboratory work as the pump switching on and off;
Tompkins-MacDonald & Leys 2008) prior to reaching
the full pumping rate. The duration of single and
coughing arrests differs for different species: for A.
vastus, the 2 arrest types have a characteristic ‘V’-
shape (see Grant et al. 2018) and the same was ex -
pected for H. calyx and F. occa; for R. dawsoni, both
arrest types show a more ‘U-shaped’ pattern (see
Mackie et al. 1983, Tompkins-MacDonald & Leys
2008). Prolonged arrests are distinguished by the
length of the arrest, with flow completely ar rested for
over 40 min. ‘Clogging events’ are points in the re -
cord where excurrent flow rates were re duced for
more than 50 min but excurrent flow did not com-
pletely stop. We do not assume that the sponge tissue
was entirely clogged but that some level of sediment
entered the sponge, causing a longer response than
one of the previously described arrest responses.
For analysis, each excurrent flow record was first vi-
sually assessed to identify arrests. After this, a moving
average of the variance was carried out on the time se-
ries at 10 s intervals to detect any additional potential
arrest points. These were defined as periods during
which the variance in excurrent flow decreased by
more than 0.25 over a 10 s interval. This was followed
by 2 additional manual inspections of each record to
ensure that no arrests were missed. Spearman’s rank
correlation was calculated between the arrest phases
identified by the above procedure and ambient veloci-
ties measured during that period. The final count of
‘arrests of sponge pumping’ consisted of only those
records in which the decrease in excurrent flow was
independent of the ambient current. To determine
whether increases in SSC were correlated with de-
creases in excurrent flow, Spearman’s rank correlation
was used to account for any non-linearity seen in the
data due to noise or irregularity of field data. Changes
in SSC caused either by experimental disturbances
immediately preceding an arrest or by natural events
within the 2 min preceding the arrest were compared
to the excurrent flow rate during the arrest phase
using Spearman’s rank correlation. These analyses
were carried out using STATISTICA 13 (Statsoft).
2.5.  Sediment collection and analysis
Sediment cores were collected from the northern
reef complex. Areas selected for sediment cores were
open, sponge-free portions of the reef where sedi-
ment had naturally settled, within a 50 m radius of
the instrument-paired sponges. Push cores, 7.6 cm in
diameter and 60 cm long, were pressed into the sea
floor to the maximum depth possible. In some areas,
the core was filled, and in others the rock rubble pre-
vented the core reaching the full 60 cm depth length.
Cores were frozen on board the ship and transported
to the University of Alberta for further analysis. Sed-
iments from Fraser Ridge reef in the Strait of Geor-
gia, British Columbia, were collected in traps placed
at the height of the sponges (from the seafloor to
approximately 1 m above the seafloor) in 2011. Place-
ment, collection and storage of those traps was de -
scribed previously (Kahn et al. 2016).
2.6.  Grain size analysis and modelling of transport
Sediment cores (n = 4) and 2 sediment traps were
thawed and dried in a 60°C oven for 3 d prior to analy-
sis. We did not retain distinct depth fractions. Dried
sediments were placed in a W.S. Tyler RO-TAP® RX-
29 sieve shaker and shaken 100 × g at a time for 5 min
or until sediment no longer passed between sieves
(Table S2 in the Supplement). The mass of dried sedi-
ment samples was taken before and after entering the
sieve shaker to calculate the proportion of each grain
size by mass. Each core was analysed separately, and
the mean of all 4 was calculated. Z-tests were used to
test for differences in the proportion of different grain
sizes between the 2 reefs.
Settling rates, time spent suspended, maximum
distance travelled and the height of suspension
needed to maximize the distance travelled in a single
phase of a tidal cycle were calculated using the grain
sizes in Table S2 and variables defined in Table 1.
Settling rate was calculated using the Stokes settling
equation:
(1)
The maximum distance that could be travelled by a
particle in a single ~6 h phase of the tidal cycle was
modelled by:
(2)
The maximum travel distance of a particle was
modelled at different heights above the seafloor. The
( )
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total settling time of a particle suspended at a given
height above the seafloor was calculated for each
grain size using:
(3)
Sediments were analysed and modelling was com-
pleted for all sediment collected from the northern
Hecate Strait reef complex in May 2017 using the
above equations in MS Excel 2016. This model
assumes that all particles are spheres and does not
account for particle flocking, turbulence or stratifica-
tion of the water column.
3.  RESULTS
3.1.  Ambient conditions of the study site
Ambient currents at 1 m above bottom (mab) aver-
aged 12.01 ± 6.39 cm s−1 (4 h average ± SD) during
flood tides and 6.31 ± 3.63 cm s−1 during slack tides
(Table 2; Fig. S1 in the Supplement). The ambient
velocity increased with increasing height above the
seafloor. At 5 mab, current during flood tides aver-
aged 27.4 ± 12.12 cm s−1, and 19.3 ± 9.37 cm s−1 dur-
ing slack tides. The ambient current over the reef
alternated in a west− east direction during flood tides,
while during the slack tide we recorded a short dura-
tion of north−south movement. Background levels of
SSCs showed little variation over the 6 to 24 h (20 ±
6.5 h) duration of our recordings, averaging 2.71 ±
0.09 mg l−1 at all instrument placements (Fig. S1).
3.2.  Heterochone calyx
We recorded excurrent flow from 3 H. calyx. Two
bowl-shaped sponges were each exposed to a single
experimental sediment disturbance in situ. Both
sponges showed single arrests in response to in -
creased sediment concentrations. They also showed
reductions in flow rate that lasted longer than single
arrests; we considered these to most likely be clog-
ging events (Fig. 4A,B). In the third H. calyx, there
were no spontaneous arrests over a 24 h recording,
and no experimental disturbance was carried out,
leaving one sponge as a completely undisturbed con-
trol since no in situ H. calyx pumping records had
been collected prior to this. No coughing events were
observed in H. calyx.
The single arrests (n = 5) recorded from both sponges
ranged in duration from 1.2−7 min (mean: 3.76 ± 2.5
min). Arrest phases lasted 0.47−2.97 min (1.30 ± 1.03
min) and recovery phases took 0.75−4.03 min (2.46 ±
1.56 min) (Table 3, Fig. 4A). In all 5 single arrests, the
decrease in excurrent flow was correlated with in -
creased SSC in the 2 min prior to the arrest (Fig. 4C).
The first sponge exhibited 3 single arrests that oc -
curred after a single experimental sediment distur-
bance event, and the second sponge had 2 single
arrests following an experimental sediment distur-
bance. In the single arrests of both sponges, the
decreased excurrent flow rates were correlated with
Fall
0T
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Variable  Description
Vt             Calculated settling velocity of the particle
g              Gravitational constant
d              Particle diameter, assuming a sphere
ρp             Particle density for a given grain size
ρm            Density of seawater at depth
μ              Dynamic viscosity
Xd Max      Maximum distance travelled by a particle in
one direction during one phase of the tidal cycle
UT0           Average ambient current recorded by
 instruments
ωT            Tidal phase during suspension event
TFall          Time a particle spends falling in the water
column from a given height of suspension
TFall Max    Maximum time a particle can spend falling in
one phase of the tidal cycle
t0              Initial time when particles are suspended into
the water column
H0            Height of particle suspension above the seafloor
Table 1. Variables used for modelling sediment transporta-
tion and settlement across all grain sizes recorded at the 
northern Hecate Strait glass sponge reef complex
                                             Tidal phase   Mean         SD
H. calyx excurrent flow          Flood         1.75         0.44
(cm s−1) (n = 3)                        Slack         0.48         0.15
H. calyx excurrent volu-         Flood         0.33      0.00027
metric flow (l s−1) (n = 3)        Slack         0.09      0.00007
F. occa excurrent flow            Flood         1.54         1.18
(cm s−1) (n = 5)                        Slack         0.32         0.22
F. occa excurrent volu-           Flood      0.00967    0.0001
metric flow (l s−1) (n = 5)        Slack      0.00201   0.00002
R. dawsoni excurrent              Flood         2.56         0.88
flow (cm s−1) (n = 1)                Slack         0.42         0.06
R. dawsoni excurrent volu-     Flood         1.03      0.00034
metric flow (l s−1) (n = 1)        Slack         0.17      0.00006
Overall reef ambient               Flood        12.01        6.39
current (cm s−1)                      Slack         6.31         3.63
Table 2. Mean excurrent and volumetric flow rates for each
 species recorded in this study. Records were taken from
undisturbed flow periods during each tidal phase listed
Grant et al.: Glass sponge sensitivity to sediment 87
A
C
on
tr
ol
 sc
oo
ps
Ex
pe
ri
m
en
ta
l s
ed
im
en
t d
is
tu
rb
an
ce
Si
ng
le
 a
rr
es
t
Ex
cu
rr
en
t f
lo
w
Su
sp
en
de
d 
se
di
m
en
t c
on
ce
nt
ra
tio
n 
(S
SC
)
   
   
   
   
 H
. c
al
yx
 
pr
e-
se
di
m
en
t d
is
tu
rb
an
ce
   
   
   
 H
. c
al
yx
 a
rr
es
ts
du
ri
ng
 se
di
m
en
t d
is
tu
rb
an
ce
*
Correlation of excurrent flow and
suspended sediment concentration
C
Ambient current
(cm s
–1
)
Ambient current
(cm s
–1
)
Excurrent flow
(cm s
–1
)
B
N
on
-e
xp
er
im
en
ta
l s
ed
im
en
t d
is
tu
rb
an
ce
C
lo
gg
in
g 
ev
en
t
Ex
cu
rr
en
t f
lo
w
Su
sp
en
de
d 
se
di
m
en
t c
on
ce
nt
ra
tio
n 
(S
SC
)
D
Pr
e-
se
di
m
en
t 
 d
is
tu
rb
an
ce
C
on
tr
ol
 
 s
co
op
  S
ed
im
en
t
di
st
ur
ba
nc
e 
   
 P
os
t- 
 
  s
ed
im
en
t
di
st
ur
ba
nc
e
Mean ambient current (cm s
–1
) (±SD)
Mean excurrent flow (cm s
–1
) (±SD)
Excurrent flow (cm s
–1
)
Ti
m
e 
U
TC
 (M
ay
 1
8,
 2
01
7)
Ti
m
e 
U
TC
 (M
ay
 1
7,
 2
01
7)
Mean excurrent flow (cm s
–1
) (±SD)
Se
di
m
en
t
di
st
ur
ba
nc
e
Po
st
-
se
di
m
en
t
di
st
ur
ba
nc
e
Pr
e-
se
di
m
en
t
di
st
ur
ba
nc
e
E
Ex
cu
rr
en
t
fl
ow
A
m
bi
en
t
fl
ow
SS
C
Mean SSC (mg l–1) (±SD)
Mean SSC (mg l–1) (±SD)SSC (mg l–1)
SSC (mg l–1)
Mean ambient current (cm s
–1
) (±SD)
F
ig
. 
4.
 A
rr
es
ts
 b
y 
H
et
er
oc
h
on
e 
ca
ly
x.
 (
A
) 
T
w
o 
co
n
tr
ol
 s
co
op
s 
fo
ll
ow
ed
 b
y 
an
 e
xp
er
im
en
ta
l 
se
d
im
en
t 
d
is
tu
rb
an
ce
 g
en
er
at
ed
 b
y 
th
e 
re
m
ot
el
y 
op
er
at
ed
 v
eh
ic
le
 t
h
at
 i
n
-
d
u
ce
d
 a
 s
in
g
le
 a
rr
es
t.
 (
B
) 
C
lo
g
g
in
g
 e
ve
n
t 
as
so
ci
at
ed
 w
it
h
 p
ro
lo
n
g
ed
 e
xp
os
u
re
 (
~
0.
8 
h
) 
to
 e
le
va
te
d
 s
u
sp
en
d
ed
 s
ed
im
en
t 
co
n
ce
n
tr
at
io
n
s 
(S
S
C
s)
. (
C
) 
C
or
re
la
ti
on
 o
f 
S
S
C
s
an
d
 s
p
on
g
e 
p
u
m
p
in
g
 a
ct
iv
it
y 
p
ri
or
 to
 a
n
d
 d
u
ri
n
g
 a
rr
es
ts
 o
f p
u
m
p
in
g
. D
ot
te
d
 li
n
e 
in
d
ic
at
es
 0
. D
as
h
ed
 li
n
e 
an
d
 *
 in
d
ic
at
es
 s
ig
n
if
ic
an
ce
 (p
 <
0.
05
).
 B
ox
es
 a
re
 2
5t
h
 a
n
d
 7
5t
h
p
er
ce
n
ti
le
s,
 w
h
is
k
er
s 
ar
e 
10
th
 a
n
d
 9
0t
h
 p
er
ce
n
ti
le
s,
 m
id
li
n
e 
is
 t
h
e 
m
ea
n
, d
ot
s 
ar
e 
ou
tl
ie
rs
. (
D
) 
M
ea
su
re
m
en
ts
 o
f 
m
ea
n
 e
xc
u
rr
en
t 
an
d
 a
m
b
ie
n
t 
cu
rr
en
t 
an
d
 o
f 
S
S
C
 p
ri
or
to
 a
n
d
 d
u
ri
n
g
 t
h
e 
co
n
tr
ol
 s
co
op
 a
n
d
 s
in
g
le
 a
rr
es
t 
an
d
 f
ol
lo
w
in
g
 t
h
e 
ex
p
er
im
en
ta
l 
se
d
im
en
t 
d
is
tu
rb
an
ce
. T
h
e 
la
rg
e 
st
an
d
ar
d
 d
ev
ia
ti
on
 s
ee
n
 d
u
ri
n
g
 t
h
e 
co
n
tr
ol
 s
co
op
 i
s
re
p
re
se
n
ta
ti
ve
 o
f 
th
e 
sc
oo
p
 p
u
sh
in
g
 a
d
d
it
io
n
al
 w
at
er
 o
ve
r 
th
e 
p
ro
b
e,
 a
ff
ec
ti
n
g
 t
h
e 
re
ad
in
g
. T
h
is
 w
as
 a
cc
ou
n
te
d
 f
or
 i
n
 a
ll
 o
th
er
 m
ea
su
re
m
en
ts
 b
u
t 
h
as
 b
ee
n
 l
ef
t 
vi
si
b
le
h
er
e 
to
 d
ep
ic
t 
th
e 
n
ec
es
si
ty
 o
f 
th
e 
co
n
tr
ol
 s
co
op
s 
in
 t
h
is
 m
et
h
od
ol
og
y.
 (
E
) 
R
ec
or
d
in
g
s 
of
 m
ea
n
 e
xc
u
rr
en
t 
an
d
 a
m
b
ie
n
t 
fl
ow
 a
n
d
 o
f 
S
S
C
 b
ef
or
e,
 d
u
ri
n
g
 a
n
d
 a
ft
er
 a
 
cl
og
g
in
g
 e
ve
n
t
Mar Ecol Prog Ser 615: 79–100, 2019
increased SSC prior to the arrests (r = −0.89 to −0.92,
p < 0.05; and r = −0.81 to −0.97, p < 0.05 for the first
and second sponge, respectively).
When sponges were neither disturbed nor ar -
rested, the mean excurrent flow rate from all 3 H.
calyx was 1.75 ± 0.44 cm s−1 during flood tide and
0.48 ± 0.15 cm s−1 at slack tide (Fig. 4D, Table 2). The
SSCs around the H. calyx individuals when the ROV
was not in the area was on average 2.75 ± 0.03 mg l−1.
Our experimental disturbances increased the SSC to
between 5.07 and 10.1 mg l−1. The residence time of
these plumes of sediment over the sponges was be -
tween 54 s and 2.35 min.
Two clogging events were recorded from H. calyx.
Twice during slack tides, the excurrent flow rate
dropped to between 0.2 and 0.73 cm s−1 (Fig. 4B)
immediately after a slight increase in sediment con-
centration that was smaller than those caused by our
experimental disturbances. The slightly elevated
SSC persisted in water around the sponges due to the
lower ambient current seen at slack tide. Clogging
events were different from the ‘prolonged’ arrest
seen in Rhabdocalyptus dawsoni (see Section 3.4) be -
cause they did not result in the complete cessation of
excurrent flow from the sponge, but instead the
record showed an extended reduction in excurrent
flow rate, much as seen for Aphrocallistes vastus by
Tompkins-MacDonald & Leys (2008). The first clog-
ging event lasted 3.41 h and came after an extended
period of increased SSC lasting 2.53 h, with a peak
concentration of 4.53 mg l−1 and average of 2.98 ±
0.08 mg l−1 following this initial peak (Fig. 4E). The
second clogging event lasted 0.79 h and followed an
increase in SSC with a peak concentration of 4.10 mg
l−1 and average of 3.01 mg l−1. While we do not know
what caused these increases in SSC, manipulation of
instruments by the ROV nearby and activity of fish
are possible explanations. Decreases in excurrent
flow from the sponge were correlated with the
increases in SSC prior to the clogging events (r =
−0.86, p < 0.05).
3.3.  Farrea occa
The excurrent flow from bush-shaped F. occa did
not decrease in a way that appeared to be an arrest
either following sediment experiments or at any time
when the sponges were left undisturbed. The record
for F. occa naturally fluctuated, and experimentally
induced changes in excurrent flow rate were not dis-
tinguishable from this natural variation. There was
no correlation between changes in excurrent flow
and experimental increases in SSC (Fig. 5C).
Nine experimental sediment disturbances were
carried out on 6 different F. occa, increasing the SSC
from 3.5 to 57 mg l−1 (average 32 mg l−1). None of the
experimental disturbances resulted in an arrest or
slowing of excurrent flow. It is uncertain if the flow
records accurately represent the pumping activity of
F. occa, because the excurrent flow rate increased
with increased ambient current (r = 0.83, p < 0.05),
independent of changes in SSC (Fig. 5D). Undis-
turbed flow out of the sponge bushes averaged 1.54 ±
1.81 cm s−1 during flood tide and 0.32 ± 0.22 cm s−1 at
slack tides (Table 2). Recordings from a dead bush
gave comparable excurrent velocities to the live
bushes: 2.58 ± 1.02 cm s−1 during flood tide and 0.49 ±
0.39 cm s−1 at slack tides. The comparable excurrent
flow rates be tween live and dead sponge bushes may
be an indication that pumping rates are too small to
be detected. To determine how much flow was gen-
erated by F. occa and how much might be caused by
ambient currents disturbing the water around the
flow probes in the sponge oscula, we collected 2 indi-
viduals, and immediately after the ROV arrived on
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Sponge species           Type of             Total                   Duration (min) (mean ± SD)                  Rate (s−1)
                                    response              no.           Arrest              Recovery            Total                      Arrest           Recovery 
                                                                                phase                  phase                                              phase               phase
                                                                   
H. calyx                   Single arrest            5         0.47−2.97            0.75−4.03            1.2−7               −0.01 to −0.03    <0.01−0.02
                                                                           (1.30 ± 1.03)       (2.46 ± 1.56)     (3.76 ± 2.5)
                              Clogging event          2       19.37−89.35       28.13−115.17      0.79−3.41           −0.01 to −0.06    <0.01−0.04
                                                                         (54.36 ± 49.49)   (71.65 ± 61.54)   (2.1 ± 1.85)
R. dawsoni               Single arrest            8         0.32−3.55             0.33−5.5            0.65−9             < −0.01 to 0.03    <0.01−0.2
                                                                           (0.91 ± 1.01)       (1.21 ± 1.64)    (2.12 ± 2.64)
                             Prolonged arrest         1              61.5                     NA                  >360                       0.03                   NA
Table 3. Numerical description of single and prolonged arrests, as well as clogging events, recorded from Heterochone calyx
and Rhabdocalyptus dawsoni. Duration refers to the overall duration of the phase or response, while rate equates to the average 
slope of each phase of the response. NA: not applicable
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deck, we put fluorescein dye beside the wall of the
sponge. In one case, the sponge did not appear to
take in any dye, but the second sponge moved dye
through the body wall extremely slowly prior to stop-
ping, potentially because the sponge was irritated by
collection. This demonstrates that F. occa can
actively pump, but does not confirm whether or not
our flow measurements accurately captured pump-
ing behaviour in F. occa.
3.4.  Rhabdocalyptus dawsoni
R. dawsoni (n = 1) showed the highest number of ar-
rests in response to increased SSCs. A total of 8 single
and 1 prolonged arrest were identified throughout
the 21.5 h recording. Single arrests matched previous
 descriptions of arrests in R. dawsoni (Tompkins-
MacDonald & Leys 2008) and lasted 0.65−9 min
(mean: 2.12 ± 2.64 min) in total duration, with arrest
phases lasting 0.32−3.55 min (0.91 ± 1.01 min), and re-
covery phases 0.33−5.5 min (1.21 ± 1.64 min) (Table 3,
Fig. 6A). In 7 of the 8 single arrests, the decrease in ex-
current flow rate was correlated with increases in SSC
of <1.7 mg l−1 (r = −0.81 to −0.87, p < 0.05) that occurred
in the 2 min prior to the onset of the arrest phase
(Fig. 6C). The sediment suspension events linked to
these arrests corresponded with ROPOS movement at
or near the sponge, which generated plumes that re-
mained around the sponge for between 9 and 307s (65 ±
92). The ambient SSCs be fore arrests of pumping var-
ied from 2.55 to 2.67 mg l−1 and in creased very slightly
to between 2.85 and 6.41 mg l−1 at the time of the
 arrests. The average excurrent flow from the sponge
before arrests was 2.56 ± 0.88 cm s−1 during flood tides
and 0.42 ± 0.06 cm s−1 at slack tides (Fig. 6D).
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A single prolonged arrest was shown by R. daw-
soni following a long sediment disturbance caused
by ROPOS moving in the area. The prolonged arrest
was recorded for more than 5 h (Fig. 6A,B), but
instruments were collected before the sponge began
pumping again, and so the full duration of the arrest
was undetermined. The reduction in ex current flow
was correlated with increases in suspended sedi-
ments (r = −0.85, p < 0.05) (Fig. 6B,E) that remained
elevated around the sponge for 2.45 h, with a peak
concentration of 3.20 mg l−1 (mean 2.74 mg l−1). Prior
to this disturbance, the SSC averaged 2.64 ± 0.17 mg
l−1. The thermistor flowmeter was collected before
the sponge began pumping again, so it is not known
exactly how long the sponge remained without filter-
ing. No coughing events were observed in R. dawsoni.
3.5.  Sediment grain size
Four push cores of sediment from the Hecate Strait
and 4 sediment traps from Fraser Ridge reef were
analysed for grain size, for a total of 1150 g and 432 g
(dry weight) respectively. Only 2 grain size categories
differed significantly between the 2 reefs (Table 4).
First, Hecate Strait samples contained  significantly
more grains larger than fine sand (>212 µm; 69% in
Hecate Strait compared to 50% at Fraser Ridge reef;
Z = 3.26, p < 0.01). Second, Fraser Ridge reef had a
larger portion, by weight, of medium silts (20−45 µm;
24% at Fraser Ridge reef compared to 6% at Hecate
Strait; Z = 5.02, p < 0.001). There was no significant
difference between the 2 locations for the remaining
grain sizes.
3.6.  Sediment transport
The model we used in this paper is a conservative
model that excludes additional factors such as bottom
current turbulence and possible resuspension. Parti-
cles are suspended into the water column at the be -
ginning of a tidal shift and are transported continu-
ously in a single direction for the entire 6 h flood tide
or until they would have settled out of suspension. For
example, when suspended 3.5 mab, a <20 µm particle
would be in ambient flow of ~20 cm s−1 and travel
2.77 km in 3.8 h before settling out of suspension
(Fig. 7A,B). As the ambient current flow rate in creases
with increasing height above the sponges, the maxi-
mum possible distance sediment could be carried also
increases. At 5 mab, the same sized particles could
travel 5.94 km, passing over even the largest portions
of the AMZ (4.5 km). As larger particles settle out of
suspension, the concentration of the plume will de-
crease as well (Fig. 7C). The initial SSC, grain size of
the sediments and suspension height of a plume can
be used to predict the total area and individual
species that will be affected by a plume. For example,
when suspended to 5 mab, a sediment plume with an
initial SSC of 500 mg l−1 will remain above the thresh-
olds of response found for H. calyx and R. dawsoni
even when the sponges are 2.11 and 2.39 km away
from the initial disturbance, respectively (Fig. 7C).
As seen in Fig. 7C,D, each grain size has a maxi-
mum range, with larger sand grains settling out of
suspension within a few metres and smaller sizes
travelling further. In Hecate Strait, between 1 and
6% of sediments, silts and clays can travel up to
5.94 km when suspended to 5 mab, surpassing MPA
boundaries, which range from 600 m to 4.5 km
(Fig. 7C,D). Larger grains, those >212 µm (69.5% of
sediment collected), will travel up to 50 m, fine sands
(15.8%) up to 100 m, very fine sands (5.37%) up to
360 m, and coarse silts (2.94%) up to 800 m.
The amount of time a single particle will remain
suspended in the water column will vary depending
on the initial height of suspension (Table 5), and so
the range of dispersal is expected to increase the
higher sediments are resuspended. If sediments
were suspended as high as 10 mab, larger particles
could remain in suspension for 6 min, and the small-
est grain sizes measured would remain in suspension
for more than 11 h (Fig. 7E). Therefore, smaller parti-
cles (<20 µm) would remain in suspension for longer
than 6 h of the tidal cycle and could be transported in
multiple directions as they experience changes in
tidal cycles.
While sediment grains may be continuously set-
tling as represented by the model shown in Fig. 7, it
is also possible that turbulent bottom currents could
cause continued suspension of the smaller grain sizes
throughout the 6 h tidal period.
4.  DISCUSSION
Arrests of pumping in response to elevated concen-
trations of suspended sediment were recorded for the
first time from a variety of glass sponges in situ in
Hecate Strait, British Columbia, Canada. Our data
showed that not only do different species of glass
sponge have different responses to suspended sedi-
ment, but that the sensitivity of the glass sponge fil-
tration system seems to be adapted to the relative tur-
bidity of its habitat.
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4.1.  Sensitivity of Hecate Strait sponges 
to  suspended sediments
Our previous work in the Strait of Georgia showed
that Aphrocallistes vastus arrests pumping activity at
10−40 mg l−1 SSC, well above the natural turbidity (4.4
mg l−1), but it also arrests each time the tidal flow resus-
pends sediment (Grant et al. 2018). Strait of Georgia
sponge reefs are typically fairly turbid, with a transmis-
sivity often below 30% (Johannessen et al. 2006). In
contrast, Hecate Strait waters are less turbid, with a
transmissivity around ~55% (higher transmissivity is
associated with fewer particles in the water) (Conway
et al. 2005). We hypothesized that glass sponges in
Hecate Strait would either be sensitive to smaller in-
creases in SSC than sponges in the Strait of Georgia
because they are not naturally exposed to such high
SSCs, or alternatively that Hecate Strait sponges would
be adapted to continual feeding without responding
because they are unaccustomed to increased SSCs.
Our results suggest that both may be correct.
At the northern Hecate Strait reef, Rhabdocalyptus
dawsoni and Heterochone calyx are more sensitive to
suspended sediments than A. vastus studied in the
Strait of Georgia reefs or R. dawsoni studied in labo-
ratory settings. H. calyx arrested flow when concen-
trations of sediment reached 4−10 mg l−1, a relatively
small increase from the average turbidity of 2.71 ±
0.09 mg l−1 recorded for the northern reef complex in
Hecate Strait and well within the ambient SSCs
observed in the Strait of Georgia. In comparison, A.
vastus, which is found in the naturally more turbid
environment of Fraser Ridge reef (4.4 ± 0.7 mg l−1),
arrested in response to SSC of 10−40 mg l−1 (Grant et
al. 2018). This suggests that in the Strait of Georgia,
A. vastus is slightly more tolerant to changes in the
natural SSCs than H. calyx is at Hecate Strait. The
sediment composition was similar between these 2
locations, but tidal resuspension and the natural tur-
bidity varied. We recorded no change in turbidity
associated with tides at the Hecate Strait northern
reef, and indeed no natural variation was found in
the SSC recordings. In contrast, sponges at Fraser
Ridge reef experience frequent tidal resuspension
increasing SSCs to 5.3 ± 0.9 mg l−1 (Grant et al. 2018)
and seasonal increases up to 7 to 8 mg l−1 due to dep-
osition from the Fraser River (Thomson 1981, Hill et
al. 2008). Interestingly, H. calyx can be found at both
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Fig. 7. Model of sediment transport at the northern reef complex in the Hecate Strait and Queen Charlotte Sound Sponge
Reefs Marine Protected Area. (A) Top-down view of the maximum distance sediments (<20 µm) would travel after being sus-
pended by a trawl. Each ring corresponds to a specific height (mab: metres above bottom) of suspension and ambient current
velocity. (B) Cross-section showing the range of a plume of <20 µm sediment grains (using the same model as in A). When the
sediment plume originates at the point indicated by ‘0’, the distance it travels will increase with height suspended, as indicated
by the coloured shape. Suspension heights of only a few metres are enough to allow particles to travel further than some of the
present adaptive management zone (AMZ) widths. (C) Distance each grain size found at Hecate Strait will travel and the
change in concentration of the sediment plume across that distance. Values are based on an initial 500 mg l−1 sediment plume
suspended 5 mab. Threshold concentrations for eliciting responses in Heterochone calyx and Rhabdocalyptus dawsoni are
drawn for reference along with maximum and minimum distances of the AMZ. (D) Maximum distance that a particle will
travel in a single phase of the tidal cycle (~6 h) when suspended at various heights above the bottom. (E) Total time a particle 
of various grain sizes will remain in suspension when resuspended to a given height above the seafloor
Classification     Grain size          Hecate Strait            Hecate Strait compo-       Fraser Ridge total       Fraser Ridge compo- 
                                (µm)          total dry weight (g)        sition by weight (%)           dry weight (g)           sition by weight (%)
Total sample              −                     1150.45                                  −                                 432.28                                 −
>Fine sand*           >212                    799.10                               69.46                              224.25                              51.88
Fine sand            212−106                181.79                               15.80                              40.16                              9.29
Very fine sand     106−63                  61.77                               5.37                              35.68                              8.25
Coarse silt             63−45                  33.85                               2.94                              29.11                              6.73
Medium silt*        45−20                  70.21                               6.10                              102.86                              23.79
Fine silt                    <20                     8.29                               0.72                              0.32                              0.07
Table 4. Grain size composition of sediments from the northern Hecate Strait sponge reef (n = 4) and Fraser Ridge reef (n = 4). 
Results are pooled from all samples collected from a site. *Significant difference between the 2 locations (p < 0.05)
Particle           Settling velo- Height of suspension (mab)
                        city (cm s−1)          10           5             1
>Fine sand            2.607               0.11        0.05        0.01
Fine sand               1.47                0.19        0.09        0.02
Very fine sand      0.415               0.67        0.33        0.07
Coarse silt             0.184               1.51        0.75        0.15
Medium silt          0.067               4.17        2.08        0.42
Fine silt                 0.025              11.00       5.50        1.10
Table 5. Time (h) spent in suspension (TFall in Table 1) of
each grain size measured at Hecate Strait depending on the 
initial height of suspension (mab: metres above bottom)
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locations (Conway et al. 2001, Krautter et al. 2001),
but imagery captured by the ROV indicates that this
species may be more common in the northern reef
complex of Hecate Strait.
R. dawsoni, commonly called the ‘boot’ sponge, ap -
pears to be the most sensitive glass sponge studied at
the reefs. At the Hecate Strait reef, the boot sponge
carried out multiple arrests in response to SSC in-
creases of only 0.5 or 1 mg l−1 above the normal levels
of 2.71 ± 0.09 mg l−1. This small change in SSC was an
order of magnitude lower than concentrations found
to trigger arrests of pumping by R. dawsoni in
previous tank experiments (Tompkins-MacDonald &
Leys 2008). R. dawsoni may indeed be more sensitive
to sediment, as suggested by Mackie et al. (1983) and
Mackie & Singla (1983), who found it would arrest
pumping activity in response to nearly any distur-
bance. A higher sensitivity in this species is also con-
sistent with observations that R. dawsoni is not found
at Fraser Ridge reef (Krautter et al. 2001, Conway et
al. 2007, Dunham et al. 2018) or near the turbid re-
gions of the upper fjords in British Columbia (Farrow
et al. 1983). This is possibly because it cannot survive
such a turbid habitat. The absence of R. dawsoni at
Fraser Ridge reef and the presence of the marginally
more tolerant H. calyx at both Hecate Strait and
Fraser Ridge reefs suggests that the presence of dif-
ferent species of glass sponge at different reef com-
plexes depends in part on their sensitives to the envi-
ronmental conditions (Conway et al. 2001, Dunham et
al. 2018). However, if suspended sediments were the
only limiting factor, we would expect to see species
less responsive to sediment, like A. vastus, common
both at the low turbidity site in Hecate Strait as well as
in areas with higher turbidity. While A. vastus is found
in the northern Hecate Strait reef complexes, it ap-
pears to be more abundant on the westward portion of
the reef where it, together with H. calyx, was seen
more often than Farrea occa (Law 2018). This
indicates that sedimentation is likely not the only fac-
tor that determines which reef-building species are
present at a given reef patch. Evaluating differences
in the water column properties between the western
and eastern sides of the northern Hecate Strait reef
complex could provide insight into the variables that
influence sponge species distribution at the reefs.
4.2.  Species-specific differences in glass
sponge responses
In situ recordings from this study and Grant et al.
(2018) show 3 classifications of arrest: simple ‘off-on’
responses (single), arrests with intermittent attempts to
restart (‘coughing’) and what we have termed ‘pro-
longed arrests’. In addition to arrests of pumping, we
observed reductions in flow rate associated with in-
creased SSC which we termed ‘clogging events’. Pro-
longed arrests may be a longer version of a simple ar-
rest or may reflect clogging of the filter. As all species
that we studied have syncytial tissues and are expected
to share a similar physiology in terms of sensitivity to
mechanical stimulation and mechanism by which they
arrest pumping, we did not expect to find the inter-spe-
cies variations seen in this study. Arrests are triggered
by electrical signals that travel throughout the sponge
at 0.3 cm s−1 (recorded in R. dawsoni) (Leys & Mackie
1997, Leys et al. 1999). Action potentials in R. dawsoni
are followed by a refractory period of 29 s, which lim -
its the number of sequential, individual responses
a sponge can undergo (Mackie et al. 1983, Leys &
Mackie 1997, Leys et al. 1999). If a second action poten-
tial is triggered during this period, the arrest will be
prolonged (Leys et al. 1999, Tompkins-MacDonald &
Leys 2008). The relationship between repeated signals
induced by sediments and the refractory period is a
possible cause for the differences between single and
prolonged arrests. Another possibility is that the shape
of the sponge and its osculum cause different lag peri-
ods for the arrest of flow through the sponge. This could
fairly readily be tested using models.
H. calyx and R. dawsoni both had single arrests like
those previously described for A. vastus  (Tompkins-
MacDonald & Leys 2008, Grant et al. 2018), but the
concentrations of resuspended sediment that trigger
the arrests are unique to each species. R. dawsoni
arrested all excurrent flow for more than 5 h follow-
ing a minimal increase of SSCs of 0.1−0.6 mg l−1, in
what is referred to here as a ‘prolonged arrest’. It is
unlikely that this concentration caused clogging. In
H. calyx, in contrast, the sponges showed a reduction
in excurrent flow lasting 0.79− 3.41 h, and these
looked like clogging events rather than complete
‘single arrests’ since there was never a complete ces-
sation of flow out of the osculum. These events had
very similar characteristics to those reported as clog-
ging in A. vastus (Tompkins-MacDonald & Leys 2008),
but if these do reflect clogging, then in H. calyx clog-
ging occurred after sustained but very slight in -
creases in SSC of only 1−2 mg l−1 above natural con-
ditions. This demonstrates that glass sponges have a
range of physiological re sponses to increased SSCs.
These results, along with the remarkably high sensi-
tivity of R. dawsoni to ex tended sediment exposure,
suggest that the concentration threshold may not be
the only variable that determines whether a species
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will respond to water-column sediments. Sensitivity
may be influenced by the concentration of suspended
sediments, the duration of exposure and even the
number of disturbances of a given threshold.
It is not completely unexpected to find variation in
responses to sediment concentrations between re -
gions; environmental adaptations that result in differ-
ing responses to stressors by individuals that reside in
different environments are seen in many animals
(e.g. Levinton 1991, Somero 2002, Chiba et al. 2016,
Stickle et al. 2017). Our finding of different SSC
thresholds among glass sponge species living in dif-
ferent reefs suggests that variation in arrest response
is partially driven by environmental factors. Compar-
ing the responses of species that live in different re-
gions with different environmental conditions (i.e. H.
calyx or A. vastus in Hecate Strait and the Strait of
Georgia) could offer insight into whether the differ-
ences we see are species- or environment-driven.
4.3.  Farrea occa
A large portion of the reef we studied is built by Far-
rea occa and so we carried out several sediment ex-
periments on this species. However, in none of our 6
recordings and 10 sediment experiments did we see a
clear arrest of pumping. Pumping activity in these
bush-shaped sponges appeared to be so minimal that
we were unable to distinguish excurrent flow gener-
ated by the sponge pump from changes caused by
ambient flow around the bush of oscula. Brief obser-
vations of collected specimens moving fluorescein dye
through their body walls indicated extremely low lev-
els of pumping, but this was only observed once, for a
very short period of time before the sponge ceased
pumping completely. Because of this, if arrests do oc-
cur in this species we were unable to detect them.
One hypothesis about the limited pumping activity
we see in F. occa is that it may take advantage of
water being induced to flow through the tubes by
ambient current moving over the bush. The body
wall of F. occa is often less than 1 mm thick, and these
wafer-thin walls form ‘flutes’ (Fig. 8) as described by
Krautter et al. (2001). We studied one of these small
bushes using computed tomography (CT) at the Uni-
versity of Alberta (Diagnostic Imaging, University of
Alberta Hospital) and discovered that the tubes are
hollow from the osculum to the base of the bush,
potentially allowing water to be drawn up from the
base of the sponge. Krautter et al. (2001) suggested
that F. occa is an important species for baffling sedi-
ments at the reef due to its large size. The hollow
interior of F. occa could be adapted to use ambient
flow to assist feeding while still baffling sediments on
the reefs. If the sponge does baffle sediments, then it
would not be effective to easily arrest when continu-
ously exposed to low levels of sediments. If that is the
case, then a lower pumping rate would be less likely
to draw sediment-laden water through the aquifer-
ous system. Determining whether this is the case will
help build a better understanding of this species.
4.4.  Long-term effects of suspended sediments
on sponges
Understanding the extent to which anthropogenic
activities influence abiotic conditions like suspended
sediments is crucial for management of reefs and
species in the HSQCS-MPA. Resuspension of sedi-
ments is a well-known consequence of bottom-con-
tact fishing (Schubel et al. 1978, Puig et al. 2012,
Mengual et al. 2016), an activity that is common near
the sponge reefs (Fisheries and Oceans Canada
2017). The sediment concentrations known to be re -
suspended by trawl gear are above the levels that
cause arrests in glass sponge reef species (Fig. 9).
Large clouds of suspended sediments can be gener-
ated by a trawl, resulting in plumes that are 200 m
wide, 10 m tall and 1.5 km long, depending on the
substrate (Churchill 1989, Durrieu De Madron et al.
2005, Boutillier et al. 2013, Mengual et al. 2016). The
model used in our study suggests that plumes of this
size could easily pass over the present protective
boundaries of the MPA. We calculated how far trawl-
induced resuspended sediment could travel (Fig. 7).
Our model indicates that within a 6.5 h phase of the
tidal cycle, smaller-grained sediments in plumes
generated by activities outside of the MPA bound-
aries could travel as far as 5.94 km, surpassing both
the AMZ and CPZ boundaries. Smaller-sized sedi-
ments will remain in suspension for longer and there-
fore have a greater potential for causing repeated or
longer arrests of pumping. Multiple arrests were pre-
viously calculated to reduce the daily energy intake
of A. vastus by up to 70%, which can negatively
affect the health of a sponge and could potentially be
fatal (Leys 2013, Grant et al. 2018). When estimates
such as these are scaled up to the number of sponges
and species making up a reef, the impacts on a reef
could be substantial. The long-term effects of
repeated arrests and sediment exposure on the
health and population of reef-building species are
yet to be studied and remain a knowledge gap in the
future conservation of the glass sponge reefs.
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Our estimates that extended periods of reduced
excurrent flow rates could be fatal are sup ported by
mesocosm experiments in demosponges (e.g. Pineda
et al. 2017, Scanes et al. 2018). Geodia barretti held
in tanks with suspended sediment was found to
reduce respiration rate (Kutti et al. 2015), but for
longer-term experiments, large sponges are difficult
to keep in high enough numbers that they are not
affected by other aspects of husbandry. More re -
cently, explants of G. atlantica were cultivated for
this explicit reason, generating sample sizes of 5 for
the different treatments of sediments and tempera-
ture (Scanes et al. 2018). Under those conditions, the
sponge explants did not die, but respiration rates
were significantly lower after 40 d of increased tem-
perature and suspended sediments.
A similar study on explants of warm-water species
found that ‘tolerance’ to suspended sediment varied
among species (Pineda et al. 2017). Most work has
inferred sponge ‘health’ from respiration rates and
tissue condition (Pineda et al. 2017,
Scanes et al. 2018). However, be -
cause in some species choanocyte
chambers could not be found in
explants, and active filtration was not
seen, it seems difficult to draw con-
clusions about whether a sponge is
‘tolerant’ or not of sediment treat-
ment. A promising approach is to use
video cameras to monitor the oscula
diameters as a proxy of active filtra-
tion, and as a gauge of sensitivity to
water conditions (Kumala et al. 2017,
Strehlow et al. 2017, Goldstein et al.
2019). Again, there are cave ats to
this approach. Although contractility
of the osculum in demosponges may
be correlated with ex current flow
rates, and therefore the amount of
water filtered, reduced excurrent
flow rates do not necessarily mean
that the sponge has reduced the
pumping activity of its choanocytes.
Demosponges can constrict sphinc-
ters in the canals throughout their
bodies, thereby reducing excurrent
flow rate (Parker 1910), something
not known to be possible in glass
sponges due to their syncytial tissues.
Glass sponges, in contrast, stop fil -
tering by arresting the choanocyte
pumps; this is a fundamental differ-
ence in the physiology between
demosponges and hexactinellids (Leys et al. 2007).
Another consideration, not often ad dressed in inter-
preting demosponge filtration be haviour in response
to sediments, is the ef fect of season on sponge filtra-
tion activity. Even warm-water species show a reduc-
tion in filtration rate with season (Reiswig 1975), so
the time of the year in which experiments are carried
out may strongly affect the interpretations.
4.5.  Suspended sediments influencing 
the Hecate Strait MPA
The threshold concentrations of suspended sedi-
ments that triggered arrests in this study were all be-
low 10 mg l−1. This level of SSC is much lower than
that found previously at the Strait of Georgia (Grant et
al. 2018), at 40 mg l−1. Modern trawl equipment cur-
rently used near the reefs causes plumes of sediment
well above these thresholds. The 2 most commonly
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Fig. 8. Views of the bush sponge Farrea occa. (A) CT side scan showing a cross
section through a small sponge. (B) 3-D model built by the CT scan sections.
(C) Image of an F. occa bush with a Heterochone calyx growing out of the top at 
the northern reef complex in Hecate Strait
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used bottom-contact trawls in the area are otter trawls
and shrimp trawls (Boutillier et al. 2013). Otter trawls
can generate SSCs of 200 mg l−1, while more targeted
shrimp trawls have recorded concentrations as high
as 500 mg l−1 (Fig. 9) (Schubel et al. 1978, Mengual et
al. 2016). Trawls designed to re duce the impact on
and contact time with the seafloor, such as those with
Jumper doors (Morgère), can resuspend 20 to 110 mg
l−1 of sediments into the water column (Mengual et al.
2016). All of these methods generate sediment plumes
with concentrations above what is currently known to
induce arrests in glass sponges and would take con-
siderable time and distance to dissipate to concentra-
tions below the thresholds of response reported in this
study. Other industrial activities such as prawn trap
fishing and laying undersea cables can resuspend
smaller,  localized clouds of sediments, but concentra-
tions of these clouds have not yet been reported (Puig
et al. 2012, Boutillier et al. 2013, Dunham et al. 2015).
The extent to which reef sponges could be exposed
to increased SSCs from trawling activity depends on
proximity to the trawling disturbance, ambient cur-
rents, height to which the sediments are resus-
pended and the grain sizes within the sediment
plume and the initial concentration of the sediment
plume. At our study site, ambient current velocity in -
creased with height above the reef, from 0.12 m s−1 at
1 mab up to 0.27 m s−1 at 5 mab (Fig. 7). Sediments
suspended by fishing trawls have been reported to
reach ~5−10 mab (Durrieu De Madron et al. 2005). A
sediment plume of 500 mg l−1 suspended 5 mab
would have a radius of 2.39 km in which the SSC was
above the threshold of response for both H. calyx and
R. dawsoni (Fig. 7C). A trawl on the edge of the nar-
rowest portion of the AMZ, 0.6 km, would allow such
a sediment plume to remain above 10 mg l−1 up to
~1.35 km into the CPZ. In contrast, the largest AMZ
section, 4.5 km, could protect the CPZ from most sed-
iments except for smaller silts and clays <20 µm. The
estimated model distance that a single particle,
regardless of grain size or settling velocity, could be
transported in a single direction is based on the aver-
age ambient current velocity during a flood tide.
Increased suspension height and faster ambient
currents mean small grain sizes travel farther, and if
sediments remain in suspension for more than a sin-
gle phase of a tidal cycle, there is increased risk of a
sediment cloud reaching far from the initial distur-
bance (Nafe & Drake 1961, Jones 1992). Smaller par-
ticles, like silts and clays found at the sponge reefs
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Suspended sediment concentration at the sponge reef (mg l–1)
Suspended sediment concentration recorded by trawling (mg l–1)
Hecate Strait reef natural conditions
R. dawsoni - single arrest conditions in situ
R. dawsoni - single arrest conditions ex situ
(Tompkins-MacDonald & Leys 2008)
R. dawsoni - prolonged arrest conditions in situ
H. calyx - single arrest conditions in situ
H. calyx - clogging event conditions in situ
Fraser Ridge reef natural conditions (Grant et al. 2018)
A. vastus - arrest conditions ex situ
(Tompkins-MacDonald & Leys 2008)
A. vastus - arrest conditions in situ (Grant et al. 2018)
Bottom “Rockhopper” trawl (De Madron et al. 2005)
Shrimp trawl (Schubel et al. 1978)
Bottom Otter trawl ‘classical’ (Mengual et al. 2016)
Bottom Otter trawl ‘alternative’ (Mengual et al. 2016)
Fig. 9. Suspended sediment concentrations (SSCs) associated with arrests in glass sponge species. Both in situ and in tank
recordings are shown (black bars, top axis) and are contrasted with SSCs known to be generated by different trawling gear
(gray bars, bottom axis). Note the different scales on the 2 axes. All thresholds of response by the glass sponges are below 
levels of SSC known to be generated by trawling activity
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(~8% of sediments at Hecate Strait, Table 4), are
more easily resuspended, are more likely to suspend
higher in the water column and settle more slowly
than larger sand grains, and they can be resus-
pended by bottom current turbulence before settle-
ment occurs (Nafe & Drake 1961). Once in suspen-
sion, ambient currents move sediments away from
the source. Some distance between a sponge and the
source of suspension allows SSCs to dissipate to
lower concentrations that may not affect sponges.
However, this distance increases for smaller grain
sizes (Hill et al. 2008, Puig et al. 2012). The smallest
grain sizes (<20 µm) may have additional impact
because they can enter the sponge aquiferous system
(Kilian 1952, Reiswig 1974), potentially causing dam-
age. As a result, reef sponges may be affected by
sediments to an even greater extent than once
expected. To avoid detrimental sediment impacts,
the AMZ would need adjustment to a width that
would allow for the dissipation of sediment plumes to
concentrations below noted species thresholds.
The estimates of sediment dispersal reported here
are conservative, and in fact the problem could be
beyond what has been calculated. Our model as -
sumes that all particles are spheres and does not
account for particle flocking, turbulence or stratifica-
tion of the water column. These assumptions almost
certainly do not represent the natural conditions at
the reefs. Boutillier et al. (2013) reported that silts
and clays can constitute between 48 and 60% of the
sediments on the western Canadian continental
shelf. The sheet-like shape of natural clay particles
will likely take longer to settle out of suspension than
what we assumed in our model, increasing their
travel time. This may underestimate the total dis-
tance these smaller sediment grains would disperse.
Additionally, our model assumes a constant ambient
current velocity which may not reflect how currents
move around the sponges. If the skeletons of sponges
decrease local ambient currents (by effectively in -
creasing the boundary layer), more sediment would
settle out directly over or around the sponges them-
selves instead of continuing to move with the cur-
rents. These factors should be considered in future
models of sediment dispersal around the reefs.
5.  CONCLUSION
Two glass sponge species, Heterochone calyx and
Rhabdocalyptus dawsoni, from Canada’s HSQCS-
MPA show arrests of pumping in response to
changes in suspended sediments in situ. The thresh-
old concentrations of suspended sediments that in -
duced these arrests are lower than those previously
found for Aphrocallistes vastus at Fraser Ridge reef
in the Strait of Georgia, and lower than previously
reported for R. dawsoni in laboratory experiments. R.
dawsoni appears so sensitive that several hours of
reduced pumping was triggered by minimal changes
in the concentration of suspended sediments, leading
to a prolonged arrest. Glass sponge species in reefs
clearly have different sensitivities and species-spe-
cific responses to changes in suspended sediment
concentrations. The bush sponge Farrea occa ap -
pears to filter at such a low rate that it was not possi-
ble to reliably record pumping activity or responses
to sediment disturbances. The distance sediments
are predicted to travel in Hecate Strait suggest that
bottom contact activities outside the current AMZ
could generate SSCs that would be damaging to
sponges reefs within the CPZ. Additionally, our data
also suggest a larger buffer (AMZ) of >2.39 km
would be beneficial for  preventing any anthropo -
genically resuspended sediment from reaching the
concentration thresholds of sponges; this is substan-
tially larger than has been considered so far by man-
agers (Rubidge et al. 2018). A future study, running a
numerical ocean model such as ROMS (Regional
Ocean Modeling System) and using the results of this
paper, would allow drawing sediment dispersion risk
contours around the reefs (as in Boutillier et al. 2013,
Fisheries and Oceans Canada 2018), to inform
adjustments to the size and/or shape of the AMZ. Our
study highlights the fact that understanding the
range of effects of suspended sediments on different
species of deep-water sponges is important for effec-
tive design of MPA boundaries and regulations.
Data access. Datasets for the work carried out here are avail-
able for download at the University of Alberta Education
and Research Archive: doi.org/10.7939/r3-emsf-3685
Acknowledgements. We thank the captain and crew of the
CCGS ‘JP Tully’; the pilots of ROPOS for their careful work;
Clark Pennelly, Lauren Law (University of Alberta) and
Mary Thiess (Fisheries and Oceans Canada) for assistance
in the field; and Gitai Yahel (Ruppin Academic Institute) for
help with instrumentation and analysis of data. Lindsey
Leighton, Bruce Sutherland and Darrin Molinaro kindly
assisted with analysing sediment samples and modelling
sediment transport, and Gail Schaffler and the staff of the
Diagnostic Imaging Department at the University of Alberta
Hospital provided access to and operated the CT Scanner
facilities. This research was sponsored by the NSERC Cana-
dian Healthy Oceans Network (CHONeII) and its partners:
Department of Fisheries and Oceans Canada and INREST
(representing the Port of Sept-Îles and City of Sept-Îles)
(NETGP 468437-14, CHONeII Project 2.2.3). Funding was
also provided by grants from Fisheries and Oceans Ship
98
Grant et al.: Glass sponge sensitivity to sediment
Time and National Conservation Plan funding to A.D., Fish-
eries and Oceans Academic Research Contribution Plan to
S.P.L. and NSERC Discovery and Ship Time to S.P.L.
LITERATURE CITED
Airoldi L (2003) The effects of sedimentation on rocky coast
assemblages. Oceanogr Mar Biol Annu Rev 41: 161−236
Austin WC, Conway KW, Barrie JV, Krautter M (2007)
Growth and morphology of a reef-forming glass sponge,
Aphrocallistes vastus (Hexactinellida), and implications
for recovery from widespread trawl damage. In: Reis
Custodio M (ed) Porifera research: biodiversity, innova-
tion, and sustainability, Book 28. Museu Nacional, Rio de
Janeiro, p 139–145
Bates TE, Bell JJ (2018) Responses of two temperate sponge
species to ocean acidification. N Z J Mar Freshw Res 52: 
247−263
Bell JJ, McGrath E, Biggerstaff A, Bates T, Bennett H, Mar-
low J, Shaffer M (2015) Sediment impacts on marine
sponges. Mar Pollut Bull 94: 5−13
Boutillier J, Masson D, Fain I, Conway K and others (2013)
The extent and nature of exposure to fishery induced
remobilized sediment on the Hecate Strait and Queen
Charlotte Sound glass sponge reef. DFO Canadian Sci-
ence Advisory Secretariat (CSAS) Research Document
2013/075. 
Bowerbank JS (1862) On the anatomy and physiology of the
spongiadæ. Part III. On the generic characters, the spe-
cific characters, and on the method of examination. Phi-
los Trans R Soc 152: 1087−1135
Carballo JL (2006) Effect of natural sedimentation on the
structure of tropical rocky sponge assemblages. Eco-
science 13: 119−130
Chiba S, Iida T, Tomioka A, Azuma N, Kurihara T, Tanaka K
(2016) Population divergence in cold tolerance of the
intertidal gastropod Littorina brevicula explained by
habitat-specific lowest air temperature. J Exp Mar Biol
Ecol 481: 49−56
Chu JWF, Leys SP (2010) High resolution mapping of com-
munity structure in three glass sponge reefs (Porifera,
Hexactinellida). Mar Ecol Prog Ser 417: 97−113
Churchill JH (1989) The effect of commercial trawling on
sediment resuspension and transport over the Middle
Atlantic Bight continental shelf. Cont Shelf Res 9: 
841−865
Conway KW, Barrie JV, Austin WC, Luternauer JL (1991)
Holocene sponge bioherms on the western Canadian
continental shelf. Cont Shelf Res 11: 771−790
Conway KW, Krautter M, Barrie JV, Neuweiler M (2001)
Hexactinellid sponge reefs on the Canadian continental
shelf: a unique ‘living fossil’. Geosci Can 28: 71−78
Conway KW, Krautter M, Barrie JV, Whitney F and others
(2005) Sponge reefs in the Queen Charlotte Basin, Can-
ada: controls on distribution, growth and development.
In: Freiwald A, Roberts JM (eds) Cold-water corals and
ecosystems. Springer, Berlin, p 205−213
Conway KW, Barrie JV, Hill PR, Austin WC, Picard K (2007)
Mapping sensitive benthic habitats in the Strait of Geor-
gia, coastal British Columbia: deep-water sponge and coral
reefs. Current Research (Geological Survey of Canada,
Natural Resources Canada) 2007-A2
Cook SE, Conway KW, Burd B (2008) Status of the glass
sponge reefs in the Georgia Basin. Mar Environ Res 66: 
S80−S86
Dunham A, Pegg J, Carolsfeld W, Davies S, Murfitt I, Boutil-
lier J (2015) Effects of submarine power transmission
cables on a glass sponge reef and associated megafaunal
community. Mar Environ Res 107: 50−60
Dunham A, Archer S, Davies S, Burke L, Mossman J, Pegg J,
Archer E (2018) Assessing condition and ecological role
of deep-water biogenic habitats: glass sponge reefs in
the Salish Sea. Mar Environ Res 141: 88−99
Durrieu De Madron X, Ferré B, Le Corre G, Grenz C and
others (2005) Trawling-induced resuspension and dis-
persal of muddy sediments and dissolved elements in the
Gulf of Lion (NW Mediterranean). Cont Shelf Res 25: 
2387−2409
Elliott GRD (2004) The contractile apparatus of the sneezing
freshwater sponge, Ephydatia muelleri. Am Microsc Soc
Fall Newsl: 1−12
Elliott GRD, Leys SP (2007) Coordinated contractions effec-
tively expel water from the aquiferous system of a fresh-
water sponge. J Exp Biol 210: 3736−3748
Farrow GE, Syvitski JPM, Tunnicliffe V (1983) Suspended
particulate loading on the macrobenthos in a highly tur-
bid fjord: Knight Inlet, British Columbia. Can J Fish
Aquat Sci 40: S273−S288
Fisheries and Oceans Canada (2017) Hecate Strait and
Queen Charlotte Sound Glass Sponge Reefs Marine Pro-
tected Areas Regulations SOR/2017-15. Book 151
Fisheries and Oceans Canada (2018) Indirect effects of bot-
tom-contact fishing activities (by trap gear) on sponge
reefs in the Strait of Georgia and Howe Sound. DFO
Canadian Science Advisory Secretariat (CSAS) Research
Document 2018/042 
Gerrodette T, Flechsig AO (1979) Sediment-induced reduc-
tion in the pumping rate of the tropical sponge Verongia
lacunosa. Mar Biol 55: 103−110
Goldstein J, Riisgård HU, Larsen PS (2019) Exhalant jet
speed of single-osculum explants of the demosponge
Halichondria panicea and basic properties of the
sponge-pump. J Exp Mar Biol Ecol 511:82–90
Grant N, Matveev E, Kahn AS, Leys SP (2018) Suspended
sediment causes feeding current arrests in situ in the
glass sponge Aphrocallistes vastus. Mar Environ Res 137: 
111−120
Hill PR, Conway K, Lintern DG, Meulé S, Picard K, Barrie JV
(2008) Sedimentary processes and sediment dispersal in
the southern Strait of Georgia, BC, Canada. Mar Environ
Res 66: S39−S48
Jamieson GS, Chew L (2002) Hexactinellid sponge reefs: 
areas of interest as Marine Protected Areas in the north
and central coast areas. Fisheries and Oceans Canada,
DFO Canadian Science Advisory Secretariat Research
Document 2002/122
Johannessen SC, Masson D, Macdonald RW (2006) Distribu-
tion and cycling of suspended particles inferred from
transmissivity in the Strait of Georgia, Haro Strait and
Juan de Fuca Strait. Atmos-Ocean 44: 17−27
Jones J (1992) Environmental impact of trawling on the
seabed: a review. NZ J Mar Freshw Res 26: 59−67
Kahn AS, Ruhl HA, Smith KL (2012) Temporal changes in
deep-sea sponge populations are correlated to changes in
surface climate and food supply. Deep Sea Res I 70: 36−41
Kahn AS, Vehring LJ, Brown RR, Leys SP (2016) Dynamic
change, recruitment and resilience in reef-forming glass
sponges. J Mar Biol Assoc UK 96: 429−436
Kahn AS, Chu JW, Leys SP (2018) Trophic ecology of glass
sponge reefs in the Strait of Georgia, British Columbia.
Sci Rep 8: 756
Kilian EF (1952) Wasserströmung und Nahrungsaufnahme
99
Mar Ecol Prog Ser 615: 79–100, 2019100
beim Süsswasserschwamm Ephydatia fluviatilis. Z Vgl
Physiol 34: 407−447
Kowalke J (2000) Ecology and energetics of two Antarctic
sponges. J Exp Mar Biol Ecol 247: 85−97
Krautter M, Conway KW, Barrie JV, Neuweiler M (2001)
Discovery of a ‘living dinosaur’: globally unique modern
hexactinellid sponge reefs off British Columbia, Canada.
Facies 44: 265−282
Kumala L, Riisgård HU, Canfield DE (2017) Osculum
dynamics and filtration activity in small single-osculum
explants of the demosponge Halichondria panicea. Mar
Ecol Prog Ser 572:117–128
Kutti T, Bannister RJ, Fosså JH, Krogness CM, Tjensvoll I,
Søvik G (2015) Metabolic responses of the deep-water
sponge Geodia barretti to suspended bottom sediment,
simulated mine tailings and drill cuttings. J Exp Mar Biol
Ecol 473:64–72
Law L (2018) Distribution, biodiversity, and function of glass
sponge reefs in the Hecate Strait, British Columbia, Can-
ada. MSc thesis, University of Alberta, Edmonton
Levinton J (1991) Variable feeding behavior in three species
of Macoma (Bivalvia: Tellinacea) as a response to water
flow and sediment transport. Mar Biol 110: 375−383
Leys SP (2013) Effects of sediment on glass sponges
(Porifera, Hexactinellida) and projected effects on glass
sponge reefs. DFO Canadian Science Advisory Secre-
tariat (CSAS) Research Document 2013/074
Leys SP, Mackie GO (1997) Electrical recording from a glass
sponge. Nature 387: 29−30
Leys SP, Mackie GO, Meech RW (1999) Impulse conduction
in a sponge. J Exp Biol 202: 1139−1150
Leys S, Mackie G, Reiswig H (2007) The biology of glass
sponges. Adv Mar Biol 52:1–145
Leys SP, Yahel G, Reidenbach MA, Tunnicliffe V, Shavit U,
Reiswig HM (2011) The sponge pump: the role of current
induced flow in the design of the sponge body plan.
PLOS ONE 6:e27787
Mackie G, Singla C (1983) Studies on hexactinellid sponges.
I. Histology of Rhabdocalyptus dawsoni (Lambe, 1873).
Philos Trans R Soc B 301: 365−400
Mackie G, Lawn I, De Ceccatty MP (1983) Studies on hexa-
ctinellid sponges. II. Excitability, conduction and coordi-
nation of responses in Rhabdocalyptus dawsoni (Lambe,
1873). Philos Trans R Soc B 301: 401−418
MacKinnon D, Lemieux C, Beazley K, Woodley S and others
(2015) Canada and Aichi Biodiversity Target 11: under-
standing ‘other effective area-based conservation meas-
ures’ in the context of the broader target. Biodivers Con-
serv 24: 3559−3581
Mengual B, Cayocca F, Le Hir P, Draye R, Laffargue P, Vin-
cent B, Garlan T (2016) Influence of bottom trawling on
sediment resuspension in the ‘Grande-Vasière’ area (Bay
of Biscay, France). Ocean Dyn 66: 1181−1207
Nafe JE, Drake CL (1961) Physical properties of marine sed-
iments. Tech Rep 2. CU-3-61. Lamont Geological Obser-
vatory, Palisades, NY
Parker GH (1910) The reactions of sponges with a consider-
ation of the origin of the nervous system. J Exp Zool
8:765–805
Pineda MC, Strehlow B, Kamp J, Duckworth A, Jones R,
Webster NS (2017) Effects of combined dredging-related
stressors on sponges: a laboratory approach using realis-
tic scenarios. Sci Rep 7:5155
Prosser CL, Nagai T, Nystrom RA (1962) Oscular contrac-
tions in sponges. Comp Biochem Physiol 6: 69−74
Puig P, Canals M, Company JB, Martín J and others (2012)
Ploughing the deep sea floor. Nature 489: 286−289
Reiswig HM (1971) In situ pumping activities of tropical
Demospongiae. Mar Biol 9: 38−50
Reiswig HM (1974) Water transport, respiration and ener-
getics of three tropical marine sponges. J Exp Mar Biol
Ecol 14: 231−249
Reiswig HM (1975) Bacteria as food for temperate-water
marine sponges. Can J Zool 53: 582−589
Rubidge E, Nephin J, Gale K, Curtis J, (2018) Reassessment
of the Ecologically and Biologically Significant Areas
(EBSAs) in the Pacific Northern Shelf Bioregion. DFO
Canadian Science Advisory Secretariat (CSAS) Research
Document 2018/053
Scanes E, Kutti T, Fang JKH, Johnston EL, Ross PM, Bannis-
ter RJ (2018) Mine waste and acute warming induce
energetic stress in the deep-sea sponge Geodia atlantica
and coral Primnoa resedeaformis; results from a meso-
cosm study. Front Mar Sci 5:129
Schubel J, Carter H, Wilson R, Wise W, Heaton M (1978)
Field investigations of the nature, degree, and extent of
turbidity generated by open-water pipeline disposal
operations. State University of New York at Stony Brook
Marine Sciences Research Center. Dredged Material
Research Program. Tech Rep D-78-30.
Schulze FE (1886) Über den Bau und das System der Hexa -
ctinelliden. Abh Königl Akad Wiss Berl (Phys-Math
Classe) 1886: 1−97
Somero GN (2002) Thermal physiology and vertical zona-
tion of intertidal animals: optima, limits, and costs of liv-
ing. Integr Comp Biol 42: 780−789
Stickle WB, Carrington E, Hayford H (2017) Seasonal
changes in the thermal regime and gastropod tolerance
to temperature and desiccation stress in the rocky inter-
tidal zone. J Exp Mar Biol Ecol 488: 83−91
Strehlow BW, Pineda MC, Duckworth A, Kendrick GA and
others (2017) Sediment tolerance mechanisms identified
in sponges using advanced imaging techniques. PeerJ 5: 
e3904
Thomson RE (1981) Oceanography of the British Columbia
coast. Publ Spec Can Sci Halieut Aquat 56: 1−291
Tompkins-MacDonald GJ, Leys SP (2008) Glass sponges
arrest pumping in response to sediment: implications for
the physiology of the hexactinellid conduction system.
Mar Biol 154: 973−984
Wolfrath B, Barthel D (1989) Production of faecal pellets by
the marine sponge Halichondria panicea Pallas (1766).
J Exp Mar Biol Ecol 129: 81−94
Yahel G, Sharp JH, Marie D, Häse C, Genin A (2003) In situ
feeding and element removal in the symbiont-bearing
sponge Theonella swinhoei: Bulk DOC is the major
source for carbon. Limnol Oceanogr 48: 141−149
Yahel G, Whitney F, Reiswig HM, Eerkes-Medrano DI, Leys
SP (2007) In situ feeding and metabolism of glass
sponges (Hexactinellida, Porifera) studied in a deep
 temperate fjord with a remotely operated submersible.
Limnol Oceanogr 52: 428−440
Editorial responsibility: Joseph Pawlik, 
Wilmington, North Carolina, USA 
Submitted: October 4, 2018; Accepted: March 21, 2019
Proofs received from author(s): April 15, 2019
